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ZnO is an efﬁcient luminescent material in the UV-range ~3.4 eV with a wide range of applications in
optical technologies. Sputtering is a cost-effective and relatively straightforward growth technique for
ZnO ﬁlms; however, most as-grown ﬁlms are observed to contain intrinsic defects which can signiﬁ-
cantly diminish the desirable UV-emission. In this research the defect dynamics and optical properties of
ZnO sputtered ﬁlms were studied via post-growth annealing in Ar or O2 ambient, with X-ray diffraction
(XRD), imaging, transmission and Urbach analysis, Raman scattering, and photoluminescence (PL). The
imaging, XRD, Raman and Urbach analyses indicate signiﬁcant improvement in crystal morphology and
band-edge characteristics upon annealing, which is nearly independent of the annealing environment.
The native defects speciﬁc to the as-grown ﬁlms, which were analyzed via PL, are assigned to Zni related
centers that luminesce at 2.8 eV. Their presence is attributed to the nature of the sputtering growth
technique, which supports Zn-rich growth conditions. After annealing, in either environment the 2.8 eV
center diminished accompanied by morphology improvement, and the desirable UV-PL signiﬁcantly
increased. The O2 ambient was found to introduce nominal Oi centers while the Ar ambient was found to
be the ideal environment for the enhancement of the UV-light emission: an enhancement of ~40 times
was achieved. The increase in the UV-PL is attributed to the reduction of Zni-related defects, the presence
of which in ZnO provides a competing route to the UV emission. Also, the effect of the annealing was to
decrease the compressive stress in the ﬁlms. Finally, the dominant UV-PL at the cold temperature regime
is attributed to luminescent centers not associated with the usual excitons of ZnO, but rather to structural
defects.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
ZnO is a IIeVI semiconductor with a wide direct-bandgap in the
UV-range ~3.37 eV and large exciton binding energy ~60 meV [1,2].
ZnO has garnered considerable attention due to its unique prop-
erties and wide range of applications in optoelectronic devices such
as gas sensors [3e5], surface acoustic wave devices [6], transparent
conductive contacts [7], solar cells [8,9], ultraviolet light-emitting
diodes [10], and ultraviolet lasers [1,11]. Numerous methods have
been reported for the growth of ZnO ﬁlms such as molecular beam
epitaxy [1], metal organic chemical vapor deposition [9], sprayn).
B.V. This is an open access article upyrolysis [3], pulsed laser deposition [8], and a magnetron sput-
tering technique [12]. In the present work, DC magnetron sput-
tering was utilized to grow ZnO ﬁlms. This technique is considered
to be relatively cost-effective and straightforward due to its simple
setup. In order to realize the potential applications of ZnO ﬁlms, it is
crucial to achieve ﬁlms with high-optical quality that exhibit a
strong UV luminescence. However, most of the as-grown ﬁlms,
irrespective of the growth method or substrate, are commonly
observed to contain some type of native defects [13] as well as
structural defects. The presence of defects can lower the UV
emission efﬁciency and create luminescent centers in the visible,
thus limiting the applications of ZnO in optical device technologies.
Previous studies have reported that post-growth annealing treat-
ment is an effective approach to reduce the defect centers, resulting
in the enhancement of the ﬁlms' optical quality [12,14,15].nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. SEM image of ZnO ﬁlms: (a) as-grown, (b) O2 annealed, and (c) Ar annealed,
under low and high magniﬁcations showing their surface morphology.
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of UV photoluminescence (PL), and gain further understanding of
the defect dynamics involved in the process, this research focused
on annealing studies and its impact on a wide range of the ﬁlm's
properties. Speciﬁcally, two as-grown ﬁlms were subjected to
annealing treatment under two different atmospheres: one ﬁlm
was annealed in an O2 environment and the other in Ar. The
scanning electron microscopy (SEM), X-ray diffraction (XRD), and
Raman scattering studies indicate the signiﬁcant improvement of
crystal quality and stress relaxation upon annealing. Similarly, the
band-edge properties that were investigated via absorption spec-
troscopy and Urbach analysis indicate that the band-edge charac-
teristics of both annealed ﬁlms exhibit improvement relative to the
as-grown ﬁlm. The native defects speciﬁc to our ﬁlms were also
analyzed via luminescence spectroscopy. It was found that the as-
grown ZnO ﬁlm is rich in Zni that were annealed out under either
Ar or O2 ambient. The O2 environment was found to introduce some
Oi optical centers, while the Ar annealing ambient was found to be
the ideal environment for the enhancement of the UV-light emis-
sion. The above results are discussed below in terms of the stabil-
ities of the native defects in ZnO with respect to the sputtering
growth technique and annealing environments. Finally, the UV-PL
at the cold temperature regime was attributed to luminescent
centers not associated with the usual excitons of ZnO but rather to
structural defects. At room temperature the two emissions
convolve.
2. Experiment
ZnO ﬁlms were grown on (0001) sapphire substrates using a DC
magnetron sputtering system. The sputtering chamber was evac-
uated to the base pressure of 106 Torr, and deposition of the ﬁlms
was carried out by sputtering the Zn metal target in an oxygen-
argon gas mixture at a pressure of 11 mTorr and a delivered po-
wer of 30 W. Two ﬁlms were grown for an hour at 250 C. In order
to examine the effect of post-annealing treatment on the optical
and structural properties of the as-grown ﬁlms, the ﬁlms were
annealed at 900 C (1173 K) for 1 h each under a different atmo-
sphere of ultra-high purity O2 and Ar gases using a Lindberg/BlueM
quartz tube furnace controlled by a Yokogawa UP-150 temperature
controller. The as-grown sample was placed in a cleaned alumina
boat and was inserted into the quartz tube. The inlet and the outlet
gas ﬂexible tubes were connected via compression ﬁttings. For Ar
annealing, initially the gas lines were purged for 10 min, setting the
Ar ﬂow-rate at 1255 cm3/min. Then, the Ar ﬂow ratewas reduced to
273 cm3/min and the annealing process was started. A similar
process was performed for O2 with ﬂow rates of 100 cm3/min for
purging, and 50 cm3/min during annealing. The relatively lower O2
ﬂow rate during the annealing was chosen in consideration of its
reactive nature. The purging was done at room-temperature. For
the annealing, the program of the furnace was set with a ramp-up
and rump-down time of 30min. The gas ﬂowwas continued during
the cooling process.
Annealing at such high temperatures can result in improvement
in the crystal structure, while annealing under a different atmo-
sphere can reveal the nature of defects existing in the ﬁlms. Uti-
lizing a well-known optical interference technique [16], the
thickness of the ﬁlms was found to be ~500e600 nm. Transmission
measurements were performed on the ﬁlms using an Agilent 300
Cary UVeVis transmission system in double beam mode. The
photoluminescence experiments were carried out using a JY-
Horiba Fluorolog-3 spectrometer with an excitation source of an
Xe lamp. To investigate the origin of the UV PL, the cold tempera-
ture PL measurements were performed utilizing a Jobin-Yvon
T6400 micro Raman and PL system in conjunction with an Instec621 V microcell customized for UV measurements. Structural
properties of the ﬁlms were determined by XRD using a Siemens
Diffractometer D5000 with the Cu Ka1 line operating in 2 theta
mode. The surface morphology of the ﬁlms was examined utilizing
SEM.3. Results and discussion
3.1. Structural, transmission, and Urbach energy studies
Fig. 1(a, b, c) presents the SEM images of both the as-grown and
annealed ﬁlms. Under high magniﬁcation, the image of the as-
grown ZnO ﬁlm reveals that the ﬁlm consists of a granular
morphology with signiﬁcant secondary nucleation (Fig. 1(a)). In
contrast, in both annealed ﬁlms the grains are well deﬁned and
exhibit a much improved morphology. No signiﬁcant difference
between the two annealed ﬁlms is evident from the SEM images. In
order to gain further knowledge on the structural properties of the
ﬁlms, XRD studies were conducted. The XRD scans were referenced
to the (0002) line of the sapphire substrate. As can be seen in Fig. 2,
the XRD patterns of the as-grown and both of the O2 and Ar
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Fig. 2. XRD diffraction patterns of ZnO ﬁlms: as-grown, O2 annealed, and Ar annealed.
An additional wurtzite (0004) peak in the annealed ﬁlms is visible.
Fig. 3. Transmission spectra of ZnO ﬁlms: as grown and annealed. The sinusoidal
features at low energies are due to the thin ﬁlm interference. The inset is the Tauc plot
for the determination of the bandgap of the ﬁlms: ~3.27 eV for the as-grown, ~3.29 eV
for the O2 annealed. That of the Ar annealed (not shown) is the same as the O2 sample.
Fig. 4. Urbach analysis for the ZnO ﬁlms. Urbach energy (Eu) has been determined via
ﬁtting of the Urbach model in the linear region below the bandgap. Eu ¼ 85 meV for
D. Thapa et al. / Optical Materials 58 (2016) 382e389384annealed ZnO ﬁlms showed the (0002) wurtzite peak, indicating
that the ﬁlms are preferentially oriented along the c-axis. The
presence of an additional weak diffraction peak, corresponding to
(0004) wurtzite structure, in both annealed ﬁlms indicates their
improved crystallinity. Moreover, the (0002) diffraction peak shows
strong enhancement in intensity in both annealed ﬁlms compared
to that of the as-grown ﬁlm. The full-width at half-maximum
(FWHM) value of the (0002) diffraction peak was found to be
~0.80 for the as grown sample, and much smaller for both of the
annealed ones: ~0.30.
The average grain size was calculated using Scherrer's formula
with the calculated FWHM listed above. The calculation indicates
that the average grain size for the as-grown sample is ~11 nm,while
it is ~31 nm for both of the annealed samples. It is notable that these
calculated values of the grain size are relatively smaller than those
presented in the SEM images. A similar observation has been re-
ported previously where the grain sizes calculated using XRD
measurements was found to be smaller than the values revealed
under SEM [17,18]. The underlying reasons for the smaller values of
grain size estimated via XRD have been attributed to the presence
of defects, and to the nature of themethod itself [17,18]. Speciﬁcally,
the XRDmethod provides preferential information about the size of
the region with highly-coherent scattering; such scattering usually
occurs in smaller regions [19].
Informative methods that may provide additional insight into
crystal dynamics and material's quality are transmission and ab-
sorption spectroscopies. One aspect of absorption analysis is what
is known as Urbach energy [20,21] that yields a measure of a
semiconductor's defects and imperfection, as is discussed in the
following paragraphs.
The transmission spectra acquired for the as-grown and
annealed ZnO ﬁlms are shown in Fig. 3. As can be seen in the ﬁgure,
the spectra of both annealed samples exhibit a sharper absorption
edge relative to that of the as-grown ﬁlm. Furthermore, no obvious
difference can be observed between the transmission spectra
characteristics of the ﬁlms annealed under either Ar or O2 ambient.
Typically, the presence of defects that include impurities and
structural disorders in a semiconductor are known to produce the
localized energy states (band tail) within the bandgap, and a goodmeasure of the extent of these states may be given by the Urbach
energy [20,21]. The Urbach energy, EU, can be ascertained using the
well-known Urbach model [20e23]. According to the model, the
absorption coefﬁcient below the optical bandgap follows expo-
nential dependence with the photon energy, i.e., aðEÞ ¼ CeE=EU ,
where aðEÞ is the absorption coefﬁcient as a function of energy, and
C is a constant. Fig. 4 presents the Urbach energy analysis for all of
the samples, which yields EU values of 85, 36, and 34 meV for the
as-grown, O2, and Ar annealed ﬁlms, respectively. The signiﬁcant
reduction in the Urbach energy for both annealed ﬁlms indicates
that lower concentration of defects exists in these samples relative
to that of as-grown ﬁlm. As in the case of the XRD analysis, thethe as-grown ﬁlm, and 36 and 34 meV for the O2 and Ar annealed ﬁlms, respectively.
06
12
18
24
30
36
2.
18
 e
V
3.27 eV01x)ceS/stnuo
C(
ytisnetni
LP
5
O
i
- defect peak
(b)
O
2
 annealed 
0
2
4
6
8
10
12
3.
25
 e
V
(a)
As-grown 
2.80 ev
Zn
i-d
ef
ec
t p
ea
k
01x)ceS/stnuo
C(
ytisnetni
LP
5
2 2.4 2.8 3.2 3.6
0
6
12
18
24
30
36
 Energy (eV)
3.25 eV01x)ceS/stnu o
C(
ytisnetni
LP
6 (c)
Ar annealed 
Fig. 5. Room temperature PL spectra of the ZnO ﬁlms: (a) PL of the as-grown ﬁlm,
showing two peaks at ~2.80 and 3.25 eV that were obtained via a Voigt proﬁle ﬁtting to
the experimental spectrum, (b) The spectrum of the O2 annealed ﬁlm showing an
enhanced UV-PL peak at 3.27 eV and an Oi related peak at 2.18 eV, and (c) PL of the Ar
annealed ﬁlm exhibiting the enhanced UV-PL at 3.25 eV with a nearly quenched visible
emission peak. The UV-PL intensity of the Ar annealed ﬁlm is about 40 times stronger
compared to that of the as-grown ﬁlm.
D. Thapa et al. / Optical Materials 58 (2016) 382e389 385similar values of Urbach energy of both annealed samples imply
that both annealing environments are very useful for defect
reduction in ZnO ﬁlms.
Further studies on the nature of the defects, their dynamics in
the annealing process, and their relation to enhancement of the
UV-PL, is presented in following section.
3.2. Photoluminescence study
3.2.1. As-grown ZnO ﬁlm
The above studies indicate that both annealing processes
resulted in improving the ﬁlm quality. However, these studies did
not convey insight into the issue of native defects prevalent to ZnO.
It has been established that native defects in ZnO luminesce in the
visible range, and that PL is a quite informative approach regarding
the identiﬁcation of these defects. In most studies of ZnO, PL
spectra show two emission bands [13,14,24e26]. One of these
bands, the near band edge (NBE) emission, is located near the
bandgap and lies in the ultraviolet region. Another band is located
in the visible spectral region and is generally known as the deep
level emission (DLE) [8,24,27,28]. The NBE emission peak is typi-
cally attributed to excitonic recombination, while the origin of the
DLE band is usually attributed to optical centers associated with
impurities such as native defects. Since the energetics of the NBE
and DLE can provide two competing routes to carrier recombina-
tion, it is usually desirable to minimize the defect centers in order
to enable the enhancement of the UV emission [28]. In the
following, we present a study whereby the presence of native im-
purities was minimized during annealing, and efﬁcient UV emis-
sion is achieved.
As can be seen in Fig. 5(a), PL spectra of the as-grown ﬁlms
showed aweak and broad PL peak extending from the visible to the
UV region. The deconvolution of the spectral-line indicates that a
visible emission is centered at ~2.80 eV, and the UV emission is at
~3.25 eV. The UV PL is attributed to the band-edge emission in ZnO,
and its origin in our sample will be discussed in further detail in a
later section. Hereafter, the emission peak at ~2.80 eV will be
referred to as the blue emission. As can be seen in Fig. 5(a), the UV-
PL intensity is relatively weak compared to the blue emission.
The observed blue emission has been reported previously in
ZnO ﬁlms [29], micro whiskers [30], and nanoparticles [31]. Fang
et al. have previously investigated the blue emission, ~2.9 eV, of the
sputtered ZnO ﬁlms via PL and electrical measurements, and found
it to be correlated with the density of Zni defects in the ﬁlms [29].
Xu et al. studied, via XRD, EDS (energy dispersive X-ray spectros-
copy), and EPR (electron paramagnetic resonance), the evolution of
blue (~2.95 and 2.83 eV) and green emissions (~2.44 eV) of ZnO
micro whiskers grown by a vapor-phase transport method [30].
They found a correlation between the evolution these visible
emissions with structural features, stoichiometry, and para-
magnetic defect centers. The blue and green emissions in Xu's
study were suggested to be related to Zni and VOþ, respectively,
formed during growth [30]. Additionally, Zeng et al. have estab-
lished that blue luminescence (~2.8e3.0 eV) in the ZnO nano-
particles increased rapidly under low annealing temperature, and
quenched under high annealing temperature in air and N2 atmo-
sphere [31]. In their study, the emission was discussed in terms of
transition from Zni-related defect levels to the valence band. Kayaci
et al. have conﬁrmed the existence of Zni related defects in ZnO
nano-structures via X-ray photoelectron spectroscopy (XPS), and
attributed the blue PL (2.83e3.10 eV) to these defects [32]. Table I
presents some of the properties relevant to this paper of the
native defects in ZnO [29e43].
Fig. 6 presents a tentative energy level diagram for Zni related
defects in ZnO which is consistent with the blue emission observedin this study. The bandgap value of our ZnO ﬁlmwas determined via
Tauc analysis to be ~3.27 eV (see inset to Fig. 3). Taking this value
into account in conjunction with the PL value of 2.80 eV, the Zni-
Table 1
Defect energy levels of Zni and Oi native defects and ascribed PL emission and migration barrier corresponding to these defects.
Defect PL emission Energy Levels (values in eV) Mobility temp (migration barrier)
Zni
or
Zni -related
Blue
~2.9 eV [29]
(~2.83 and 2.95 eV) [30]
~2.8e3.0 eV [31]
~2.83e3.10 eV [32]
~2.88 eV [33]
~0.4 eV below CB [34]
~0.30 eV below CB [33]
~0.28 eV below CB [35]
0.15 eV below CBM (þ2/þ1) [36]
170 K [37]
(0.57 eV) [38]
Oi Yellow
~2.11 eV [39]
~2.13 eV [40]
1.18 eV above VBM (-/2-) [41]
1.59 eV above VBM (-/2-) [38]
~1.09 eV above the VB [35,42]
440 K [38,43]
(1.1 eV) [38]
Fig. 6. Schematic energy band-diagram of the proposed transition mechanisms for the
as-grown ZnO ﬁlm. The bandgap value, 3.27 eV, was obtained via the Tauc plot analysis
(see the inset to Fig. 3). The blue PL at 2.80 eV is assigned to a transition from a Zni-
related defect level at ~0.47 eV to the valence band.
D. Thapa et al. / Optical Materials 58 (2016) 382e389386related defect level appears to lie ~0.47 eV below the conduction
band. This value for the Zni energy level is in good agreement, up to
experimental error, with the values summarized in Table I.
In typical cases, the formation energy of Zni is reported to be
quite high, but can be reduced in Zn-rich growth conditions
[31,36,44]. For the study presented here, a DC sputtering technique
was utilized to grow the ﬁlms, which can lead to the growth of Zn-
rich ﬁlms, thereby favoring the formation of Zni-related defects in
the ﬁlms. The phenomenon of sputtering growth which results in
Zn-rich ﬁlms is commonly reported in the literature [12,19,45] and
can be understood by noting that sputtering involves the
competing processes of target oxidation and removal of target
material. To achieve growth, the target material, i.e., Zn, must be
removed at a sufﬁcient rate so as to prevent an oxide overcoating of
the target. However, by removing the target material at high rates,
the sputtered material may not be completely oxidized, a condition
that favors Zn-rich ﬁlm. In principle, Zn-rich ﬁlms may contain Zni
as well as oxygen vacancies (VO) as native defects. The PL of VO was
suggested to be in the green spectral-range of ~2.53e2.34 eV [8],
and as can be seen in Fig. 5(a), it is not pronounced in our PL
spectrum. The latter imply that VO is not a dominant native im-
purity in the as-grown ZnO ﬁlm. It bears noting that the stability of
Zni is still an ongoing research topic; however, several experimental
results showed convincing evidence that Zni and related defects
centers can be present in the ZnO sample [30e32].3.2.2. Annealed ZnO ﬁlms
Having examined the as-grown ﬁlm, we now turn our attention
to the ZnO ﬁlm annealed at 900 C under oxygen atmosphere. Ascan be seen in Fig. 5(b), the O2 annealed ﬁlms showed a muchmore
pronounced UV emission than that of the as-grown ﬁlm. Addi-
tionally, the blue PL that was observed in the as-grown ﬁlm at
~2.80 eV is not detectable, and a new visible PL ~2.18 eV with
relatively weak intensity is observed. The disappearance of blue
emission, due to Zni-related defects, after O2 annealing treatment
can be understood in terms of the fast diffusive nature of Zni-
related defects. From density-functional calculations, Janotti et al.
reported the migration barrier of Zni to be 0.57 eV, which is
considered to be relatively low [38]. Alternatively, the mobility
temperature of these defects, which was previously found to be
~170 K (see Table I), is much lower than our annealing temperature
1173 K. In light of these properties, it is reasonable to expect that Zni
related defects should diffuse out or incorporate into substitution
lattice sites.
The emergence of the visible emission PL ~2.18 eV, also known
as the yellow luminescence [39,40,46,47], has been previously
studied by several groups, and was attributed to oxygen interstitial
(Oi) defects in ZnO [39,40,46]. We surmise that annealing under O2
ambient is conducive to the formation of Oi defects. The high partial
pressure of oxygen in the environment will lead to diffusion of
oxygen into the lattice, resulting in Oi defects. While the formation
energy of Oi defects is predicted to be high in ZnO [41], resulting in
an expectation of minimal Oi defect concentration, Oi defects are
also mobile above 440 K [38,43] (see Table I). Thus the combination
of high annealing temperature (1173 K) and high oxygen partial
pressure creates conditions favorable for the formation of Oi de-
fects, and also to rapid diffusion through the lattice. With regards to
the bandgap mapping for this sample, theoretical calculation by
Janotti et al. has previously predicted that Oi defects form a deep
acceptor level at 1.18 eV above the valence band [41]. The bandgap
of the O2 annealed ZnO ﬁlm, as was determined from Tauc analysis,
is ~3.29 eV, while the PL is at 2.18 eV: these energetics agree with a
transition from the conduction band to a state at ~1.11 eV above the
valence band. Our obtained experimental value agrees closely with
the theoretical value of 1.18 eV reported by Janotti et al. [41].
As is shown in Fig. 5(c), the UV PL for the Ar annealed ZnO ﬁlm is
signiﬁcantly enhanced, while there is only a trace of the visible
emission. This can be understood by noting that during annealing
under Ar atmosphere the Zni-related defects residing in the as-
grown ﬁlm will be eliminated. This dynamic is similar to that dis-
cussed for the case of the O2 annealed sample: the low mobility
temperature and low migration barrier of the Zni-related defects
will cause out-diffusion or lattice incorporation of these defects.
Additionally, Ar is a non-reactive atmosphere, and thus no new
defects should be introduced. The key point is that the UV PL in-
tensity of the Ar annealed ﬁlm is about 40 times stronger compared
to that of the as-grown ﬁlm. The enhancement of the UV lumi-
nescence is attributed to the elimination of the competing routes to
the UV light emission due to defects.
D. Thapa et al. / Optical Materials 58 (2016) 382e389 3873.3. Raman study
As can be seen in the SEM images, the morphology of both
annealed samples was signiﬁcantly improved relative to that of the
as-grown sample. Also it is expected that annealing will relax the
stress state of a sample. In general, Raman scattering was proven to
be a highly sensitive spectroscopy, enabling the assessment of a
material's internal stress via the frequency shift of a particular
Raman mode. In the following we present Raman analysis of the
three ZnO samples. The Raman spectra were acquired in a back
scattering geometry utilizing the 325 nm (3.81 eV) HeCd laser line.
The experimental error is ~± 1 cm1. Since that excitation energy is
close to the bandgap of ZnO, resonant Raman scattering occurs
resulting in enhanced LO mode [48]. Fig. 7 presents the Raman
spectra of the ﬁlms. As can be seen in the ﬁgure, the LO-mode
exhibits a systematic shift towards the lower frequency, starting
at 578 cm1 for the as-grown sample, then 575 cm1 for the oxygen
annealed, and 573 cm1 for the argon annealed sample; i.e., a total
shift of ~5 cm1. The shift towards the lower frequency may be
suggestive of a relaxation of intrinsic compressive stress. The
pressure coefﬁcient ðvu=vPÞ for the LO-mode in ZnO (whereu is the
phonon frequency) was found previously to be in the range of
~4.14e4.56 cm1/GPa [49,50]; a similar pressure coefﬁcient,
~4.9 cm1/GPa, was obtained by our group for the case of ZnO
doped with a small percentage of Mg [51]. Since the observed
Raman shift is ~5 cm1, a relaxation of ~1 GPa took place upon
annealing. Furthermore, this relaxed stress of ~1 GPa is comparable
to those obtained previously via XRD and curvature measurement
studies of ZnO thin ﬁlms grown via the sputtering method [52,53].
The compressive stress in our samples can be attributed to struc-
tural defects and Zn aggregation, both of which were signiﬁcantly
reduced during the annealing process. In addition, the Raman
linewidth of the ﬁlms shows narrowing upon annealing, as is
indicated in Fig. 7. The narrowing may be attributed to the increase
in the phonon lifetime, which is a result of the improved crystal-
linity of both annealed ﬁlms.Fig. 7. The LO-Raman mode spectra of the ZnO ﬁlms. The LO mode of O2 and Ar
annealed ﬁlms show a red-shift of 3 and 5 cm1, respectively, relative to the as-grown
ﬁlm, attributed to stress relaxation. Smaller Raman linewidths of the annealed ﬁlms
indicate their improved crystallinity.3.4. Origin of UV PL
Having found that Ar annealing generates the highest UV
emission intensity, we next investigate its actual origin. Fig. 8
presents the PL spectra at 77 K for the Ar annealed ZnO ﬁlm
along with that of ZnO nanocrystals reported in our previous work
[54]. Additionally, the cold temperature PL spectra of ZnO single
crystal is also included as a reference. As can be seen in Fig. 8, the PL
spectra of the single crystal ZnO consists of two main spectral lines
at 3.362 and 3.376 eV. These two PL emissions have been exten-
sively studied by various groups, and have been assigned to a
neutral donor-bound exciton DoX and the A-exciton X, respectively
[54,55]. As is shown in Fig. 8, in the spectrum of the Ar annealed
sample, the DoX and the A-exciton are present at nearly the same
energies as those of the single crystal. A key ﬁnding is that in
addition to two excitonic emission lines, the PL of ZnO ﬁlm exhibits
a strong line at ~3.314 eV, referred to as the ε-PL, which is red
shifted by ~58 meV from the A-exciton. The ε-emission was pre-
viously found by us to be the dominant PL in ZnO nanocrystals of
size ~40 nm, and was attributed to structural defects [54]. The ZnO
nanocrystals were grown via a chemical approach, while the ﬁlms
were deposited via a sputtering technique; both methods resulted
in a nano-scale granular morphology which seems to be the reason
for the onset of the speciﬁc UV luminescence. Furthermore, as can
be seen in Fig. 8, at room temperature the band-edge PL of the ﬁlm
becomes a convolution of the ε-PL with that of the exciton peaks.
A discussion follows concerning the impact of the choice of
substrates on the optical properties. The research of our group fo-
cuses on semiconductors with extreme bandgaps that include ZnO-
based alloys such as MgxZn1xO. The bandgaps of these alloys span
a large UV range of ~3.3 eVe~6 eV [20]. In order to ensure theFig. 8. The PL spectra at 77 K of ZnO samples (lower three traces): single crystal,
nanocrystals, and Ar annealed ﬁlm. The single crystal spectrum exhibits the usual ZnO
excitons: the bound exciton DoX ~3.362 eV, and the free A-exciton X ~3.376 eV. The
peaks observed for the Ar annealed ﬁlm exhibit the ZnO excitons and an additional
peak, ε -PL, related to structural defects. The nanocrystals have a similar PL spectrum to
that of the ﬁlm. The upper spectrum was acquired at room temperature from the Ar-
annealed ﬁlm. The phonon replicas are at the lower energy range. The spectrum for the
nanocrystals is from Ref. [54].
D. Thapa et al. / Optical Materials 58 (2016) 382e389388transparency of the ﬁlm/substrate product, as is desirable for some
technological applications, substrates with a wide-bandgap are
chosen. In this research, two-side polished c-face sapphire sub-
strates were used. The bandgap of a single-crystal sapphire is
~8.8 eV [56] which makes it optically compatible to the MgxZn1xO
ﬁlms. The other substrate that we commonly use, due to its UV
compatibility, is quartz with a reported bandgap ~8.9 eV [57].
Our ongoing research did not ﬁnd a signiﬁcant differences
among the optical properties of the ﬁlms using either sapphire or
quartz as a substrate. Fig. 9 presents the PL spectra of as-grown ZnO
ﬁlm and that of the Ar annealed ﬁlm grown on quartz. As can be
seen in the ﬁgure, the PL characteristics of the as-grown ﬁlm and
that of the Ar annealed are very similar to those of the ZnO grown
on sapphire substrate (see Fig. 5(a), (c); an enhancement, of ~35-
times, for the UV emission was achieved. Future research will
address additional substrates of relevance to opto-electronic tech-
nologies, such as silicon and GaN.0
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Fig. 9. The PL spectra of the ZnO ﬁlm grown on quartz substrate. The as grown ﬁlm (a),
and (b) the Ar annealed ﬁlm.4. Conclusions
In this study we investigated the effect of post growth annealing
under Ar and O2 environments on the properties of ZnO ﬁlms with
the objective of achieving high intensity UV photoluminescence.
The SEM and the XRD studies both indicate the improvement of
crystal morphology upon annealing with no signiﬁcant depen-
dence on the annealing environment. Moreover, the band-edge
properties that were investigated via absorption spectroscopy and
Urbach analysis indicate that the band-edge characteristics of both
annealed ﬁlms exhibit signiﬁcant improvement relative to the as-
grown ﬁlm. However, similar to the XRD and SEM studies, no
obvious difference was evident between the band-edge character-
istics of the ﬁlms annealed under either Ar or O2 ambient. Similarly,
the Raman linewidth of both annealed samples, having an
approximate value which is smaller than that of the as-grown
sample, point to a similar extent of improvement of the crystal
structure in either annealing environment. The Raman frequency
shift is indicative of stress relaxation of ~1 GPa in the annealed
samples.
The native defects speciﬁc to our ﬁlms were analyzed via
luminescence spectroscopy. It was found that the as-grown ZnO
ﬁlm exhibits relatively low UV-PL intensity ~3.25 eV, and an addi-
tional pronounced visible PL at ~2.80 eV attributed to Zni related
defects. The presence of these defects in the ﬁlms was attributed to
the nature of the sputtering growth technique which supports Zn-
rich growth conditions. After annealing the samples in either Ar or
O2 ambient, the 2.8 eV center diminished and the desirable UV-PL
was signiﬁcantly increased. The Ar annealing ambient was found to
be the ideal environment for the enhancement of the UV-light
emission: an enhancement of ~40 times was achieved. The in-
crease in the UV-PL is attributed to the reduction of Zni-related
defects, the presence of which in ZnO provides a competing route
to the UV light transition. Moreover, the above results were dis-
cussed in terms of the stability of the native defects in ZnO with
respect to the sputtering growth technique and annealing
environments.
As was mentioned above, the annealing treatments under either
O2 or Ar diminished the inherent Zni related defects and improved
the morphology of the ﬁlms. The O2 environment, in addition,
introduced a nominal concentration of Oi defects, as can be inferred
from its relativeweak PL. As indicated by Urbach energies, XRD, and
Raman linewidths that were for most part invariant for both
annealing environments, the Oi concentration did not have a sig-
niﬁcant impact on crystal quality. The Oi centers, however, may act
as a competing mechanism to the UV-PL. The energy band diagram
and mapping for the as-grown and oxygen annealed samples that
were ascertained via PL and Tauc plots were found to be consistent
with theoretical predictions and previous experimental studies for
the energy levels of Zni and Oi native defects.
Finally, the UV-PL at the cold temperature regimewas attributed
to luminescent centers not associated with the usual excitons of
ZnO, but rather to structural defects. At room temperature the two
emissions convolve.
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